-The ability to accurately monitor tidal volume (TV) from electrocardiographic (ECG) signals holds significant promise for improving diagnosis treatment across a variety of clinical settings. The objective of this study was to develop a novel method for estimating the TV from ECG signals. In 10 mechanically ventilated swine, we collected intracardiac electrograms from catheters in the coronary sinus (CS), left ventricle (LV), and right ventricle (RV), as well as body surface electrograms, while TV was varied between 0 and 750 ml at respiratory rates of 7-14 breaths/min. We devised an algorithm to determine the optimized respirophasic modulation of the amplitude of the ECG-derived respiratory signal. Instantaneous measurement of respiratory modulation showed an absolute error of 72.55, 147.46, 85.68, 116.62, and 50.89 ml for body surface, CS, LV, RV, and RV-CS leads, respectively. Minute TV estimation demonstrated a more accurate estimation with an absolute error of 69.56, 153.39, 79.33, 122.16, and 48.41 ml for body surface, CS, LV, RV, and RV-CS leads, respectively. The RV-CS and body surface leads provided the most accurate estimations that were within 7 and 10% of the true TV, respectively. Finally, the absolute error of the bipolar RV-CS lead was significantly lower than any other lead configuration (P Ͻ 0.0001). In conclusion, we have demonstrated that ECG-derived respiratory modulation provides an accurate estimation of the TV using intracardiac or body surface signals, without the need for additional hardware. tidal volume; percent modulation; body surface; intracardiac electrograms; minute ventilation TIDAL VOLUME (TV) REPRESENTS the volume of air displaced between normal inspiration and expiration. Objective assessment of lung function, and in particular the TV, plays an important part in understanding the physiology and pathophysiology of the respiratory system (23) . Measurement of TV is an integral component of patient monitoring and disease management in adults with acute lung injury and acute respiratory distress syndrome (6, 27a) . It plays a significant role during mechanical ventilation to ensure adequate ventilation without causing trauma to the lungs (12) . Monitoring respiratory function and measuring the TV are used increasingly in neonatal intensive care units for ventilatory management of neonates (7, 8) . Furthermore, measurement of TV in ambulatory settings (2, 17, 34) and in long-term monitoring outside the hospital would be desirable for a variety of disorders that are known to be associated with respiratory abnormalities, such as chronic obstructive pulmonary disease (10, 20) , restrictive lung disease (5) , and Cheyne-Stokes respiration (CSR) in heart failure (24) . In particular, CSR is a form of sleep-disordered breathing characterized by oscillations of ventilation between apnea and hyperapnea with a crescendo-diminuendo alteration in TV (24) , which has been associated with cardiac dysrhythmias including atrioventricular block (15) and ventricular ectopy (18) , and is shown to be a marker of worse prognosis and increased mortality in patients with heart failure (24) . These clinical observations exemplify the complex interplay among the respiratory, cardiovascular, and autonomic systems and highlight the need for tools to monitor respiratory and cardiovascular parameters in ambulatory patients with heart failure.
In clinical settings, measurement of TV can be accomplished either directly or indirectly, using a number of different methods. Spirometer (4), Pitot tube (13) , and ultrasonic airflow meter (26) directly measure air flow into and out of the lungs. Respiratory inductance plethysmography (32), computed tomography (31), electrical impedance plethysmography (25, 28) , and differential pressure pneumotachograph (1) have been used to indirectly measure TV by monitoring body volume changes.
All these techniques use specialized hardware dedicated to the monitoring of TV. This hardware dependency is a feature that is not often practical and convenient in ambulatory patient monitoring. Moreover, methods of volume and flow measurement with a face mask and pneumotachograph induce error through increased dead space and resistive loading (9, 11) . Therefore, their use is poorly tolerated in unsedated subjects, inducing arousal, especially during light sleep, and is completely impractical in the awake infant, thus limiting the ability to acquire data dynamically during unpredictable respiratory events such as apneas, sighs, and hypopneas (35) for protracted periods.
To date, a limited number of studies have estimated the TV using only electrocardiographic (ECG) signals by measuring the mean cardiac electrical axis direction relative to ECG lead axis direction (19) or estimating the direction of the vector loop in the QRS complex obtained from two orthogonal leads (22) . These studies utilized signal processing techniques to assess the impact of changes in lung volume on the ECG signal. Such an approach could be highly desirable in situations when the TV is impractical to monitor but the ECG is recorded, such as in neonatal monitoring, during a 24-h Holter ambulatory re-cording or in implantable cardiac devices (i.e., pacemaker or defibrillator). However, a practical limitation of this approach is that selecting orthogonal leads is challenging because lead motion may cause the angle between two leads to change as a function of respiration or posture (22) . In addition, not only the mean cardiac axis but also the thoracic impedance changes as a function of respiration, such that the angle of the mean cardiac axis is not perfectly described by the arctangent of the ratios of orthogonal leads. This issue becomes especially problematic in case of an implantable device where the number and configuration of recording leads are limited.
In this study, we present a novel ECG-derived algorithm to estimate the TV using a limited set of ECG leads. We use a porcine model to test the hypothesis that this algorithm can be used to reliably estimate TV from either body surface ECGs or intracardiac electrograms. The findings of this study may have important implications for monitoring respiratory volumes in patients with implantable cardiac devices and ambulatory patients during routine cardiac monitoring and for estimating minute ventilation. Anesthesia was induced with telazol (4.4 mg/kg im) and xylazine (2.2 mg/kg im). Each animal was intubated and placed on a mechanical ventilator, and anesthesia was maintained with isoflurane (1.5-5%).
METHODS

Animal preparation.
Percutaneous access was achieved by inserting standard angiographic sheaths into the femoral arteries and veins using the Seldinger technique (33) . Decapolar catheters were placed under fluoroscopic guidance in the 1) right ventricle (RV), 2) coronary sinus (CS), and 3) left ventricle (LV). An inferior vena cava catheter was inserted as a reference electrode for unipolar signals. The actual locations of the catheters were verified by orthogonal fluoroscopic views of the heart. Standard ECG electrodes were placed on the animal's limbs and chest.
Data recording equipment. Body surface ECG and intracardiac electrogram signals were recorded through a Prucka Cardiolab (Generic Electric) electrophysiology system that provided 16 high-fidelity analog output signals and front-end signal conditioning. Body surface signals were band-pass filtered 0.05-100 Hz, with a 60-Hz notch filter and gain of 2,500 V/V, and intracardiac signals were band-pass filtered 0.05-500 Hz, with a 60-Hz notch filter and gain of 250 V/V (3, 30) .
Signals were sampled at 1,000 Hz by a multichannel 16-bit data acquisition card (National Instruments M-Series PCI6255), using a signal acquisition, display, and processing system consisting of custom software written in LabView 8.5 (National Instruments, Austin, TX) and MATLAB 7.6 (MathWorks, Natick, MA) (3, 30) .
An Ohmeda anesthesia system with an Ohmeda 7800 ventilator was used to control the TV. A respiratory monitor (Surgivet, Advisor 9203) was used to measure and confirm the respiratory rate (RR) throughout each respiratory intervention.
Data collection. For each mechanically ventilated animal, body surface and intracardiac electrograms were recorded while 1) the TV was stepped from 0 to 250, 500, and 750 ml at varying respiratory rates (7-14 breath/min). Recordings at TV ϭ 0 ml were performed after the ventilator was switched off (breath hold), such that the state of the lungs was reflecting their functional residual capacity (29) . Each TV was maintained for a minimum of 90 s.
In the intracardiac recording configuration, electrograms were recorded from 2 body surface leads (lead II and V4) and 13 intracardiac unipolar leads, including 5 leads from the RV catheter (RV2, RV3, RV4, RV7, and RV8, where smaller numbers refer to more distal electrodes), 4 leads from the CS catheter (CS3, CS4, CS7, and CS8), and 4 leads from the LV catheter (LV3, LV4, LV9, and LV10). All unipolar leads were referenced to the same lead in the inferior vena cava catheter. Bipolar intracardiac leads were reconstructed by subtracting pairs of unipolar leads, including three far-field bipolar leads (RV82, CS83, and LV10LV3), three near-field bipolar leads (RV32, CS43, and LV43), and two intercatheter bipolar leads (RV2CS3 and RV2CS8), utilizing electrodes on the RV and CS. A set of intracardiac recordings and a set of 12-lead body surface ECG recordings were collected in 10 animals.
Development of an ECG-derived TV surrogate. The method relies on the estimation of the changes in the QRS amplitude on a beat-bybeat basis, which varies with respiration as the mean cardiac axis changes throughout the respiratory cycle (19) . Specifically, the respi- . Normalized (to maximum value) QRS root-mean-squared amplitude signal from a body surface (ECG lead II) and intracardiac coronary sinus lead 4 (CS4), left ventricle lead 10 (LV10), right ventricle lead 8 (RV8), and RV2CS8 lead (A), and the estimated percent modulation (B) of a single swine in which the tidal volume (TV) of the ventilator was changed 2 min after the beginning of the recording (dashed line) from 750 to 250 ml at a fixed respiratory rate of 9 breaths/min. As the TV decreases, both the peak-to-peak amplitude of the respiratory modulation and the estimated percent modulation also decrease in all leads. Following the change of TV from 750 to 250 ml, the percent modulation in this illustration changes in 12 s from 49. ratory envelopes are estimated by calculating the beat-to-beat rootmean-square (RMS) of QRS amplitude from each ECG lead. We hypothesized that as the TV increases, the deviation of the QRS amplitude and therefore the magnitude of the RMS envelope should also increase. We introduced percent modulation as a surrogate for TV, and we hypothesized that changes in TV could therefore be estimated by determining the normalized peak-to-peak amplitude (the percent modulation) of the respiratory envelope signal. The percent modulation is determined by first estimating the maximum and minimum peaks of the envelope of the timevarying signal and then calculating at every respiratory envelope (cycle) 100ϫ (max envelope Ϫ min envelope)/(max envelope ϩ min envelope)/2.
Due to the spatial variability in the amplitude of the ECG signals, the peak-to-peak amplitude of the ECG-derived RMS signal would be different across leads. Therefore, the peak-to-peak amplitude of the respiratory envelope is normalized to the mean value to obtain percent modulation. In practice, the magnitude of respirophasic modulation can also vary because lead motion may cause the envelope to change as a function of respiration or posture. Therefore, we attempted to develop a method that could accurately and reliably estimate the TV from an optimal lead combination based on maximizing the respirophasic modulation of the RMS envelope.
Optimized ECG-derived TV. A software-based QRS detection algorithm was applied to body surface lead V4 to obtain preliminary R-wave annotations. Preliminary QRS detections were refined, and abnormal beats, e.g., premature ventricular complexes (PVCs) and aberrantly conducted beats, were identified using a template-matching QRS alignment algorithm (27) .
Briefly, for each new beat, a 40-ms window centered at the peak of the QRS complex was formed from the preliminary R-wave detection; an isoelectric PR segment was automatically subtracted as a zero amplitude reference point (by estimating the mean voltage in a 10-ms window preceding the start of each QRS complex); a median QRS template was generated from all "normal" QRS complexes across the previous 127 beats, and the current beat was aligned to the QRS template using cross-correlation. Cross-correlation was repeated twice for each new QRS complex to ensure proper QRS alignment. A beat was considered "abnormal" if its correlation coefficient was less than a threshold value of 0.90 or if the preceding R-to-R interval was at least 10% shorter or longer than the mean R-to-R interval of the previous seven beats.
Next, we calculated the RMS amplitude of each good beat for all leads on a beat-by-beat basis using a 40-ms window centered at the peak of the QRS complex. The RMS amplitudes for all abnormal beats were generated from neighboring RMS amplitudes using cubicspline interpolation. By replacing aberrant beats with interpolated points, rather than the average RMS value of the good beats, we minimized discontinuities in the RMS sequence before surrogate estimation. Thereafter, we estimated the RMS signal modulation as follows: we first calculated the signal envelope by finding all maxima and minima. The peak-to-peak amplitude was calculated as the maximum minus the minimum of the envelope, and the mean signal was calculated by taking the average of the maximum and minimum of the envelope. Percent modulation was calculated as the peak-to-peak amplitude divided by the mean signal, multiplied by 100%.
Since the respiratory RMS signal is sampled by each heart beat, the accuracy of the estimation of the peak-to-peak amplitude depends on both the respiration frequency and the heart rate. To overcome the scenario that the RMS signal is undersampled in case of high respiration frequency and low heart rate, we use cubic spline interpolation to resample the RMS signal. We used simulated data to estimate the minimum required heart rate to ensure that the percent modulation error is Ͻ1%: HRmin ϭ 12.56RR ϩ 2.05 with an R 2 statistics of 0.9995 (data not shown). In this study, given that the heart rate range was 90 -120 beats/min and the respiration frequency range was 7-14 breath/min, a resampling rate of 2 (i.e., 1-point cubic spline interpolation) was used to ensure the percent modulation error is Ͻ1%.
To determine the optimal lead for TV analysis, we devised an algorithm to find the maximum percent modulation during each cycle (from a maximum point to the next maximum point) of the RMS envelope signal. For each lead type, we identified the instantaneous maximum percent modulation during each cycle of the RMS envelope signal. We also estimated the median percent modulation in a running 60-s window to smooth the instantaneous abrupt changes in the estimations.
Predicting TV using percent modulation. Having estimated the optimized percent modulations for each lead, we sought to develop a predictive model based on the ECG-derived percent modulation such that the TV can be estimated indirectly by measuring the percent modulation (TV ϭ a ϫ percent modulation ϩ b). Coefficients a and b are derived from a least squares regression analysis between the TV and percent modulation. We partitioned our data into complementary subsets, performing the Jackknife analysis each time on nine datasets (the training set) and validating the prediction model on the remaining one dataset (the test set). The estimated slopes and intercepts of the resulting linear prediction models (n ϭ 10) were averaged over all iterations to form the final prediction equation.
RESULTS
Algorithm demonstration.
To illustrate the algorithm, in Fig. 1 we plot the QRS RMS amplitude signal from a body surface lead as well as intracardiac CS, LV, RV, and RV-CS leads (Fig. 1A) , and the estimated percent modulation for each lead (Fig. 1B ) of a single swine in which the TV of the ventilator was changed 2 min after the beginning of the recording from 750 to 250 ml at a fixed respiratory rate of 9 breaths/min. We observe that as the TV decreases, both the peak-to-peak amplitude of the respiratory modulation and the estimated percent modulation also decrease in all leads. Percent modulation using body surface and intracardiac leads. We next examined the ability of a nonoptimized approach based on the respiratory modulation to estimate the TV using body surface, unipolar, far-field bipolar, near-field bipolar, and RV-CS intracardiac leads.
In Fig. 2 , we show the percent modulation at TVs of 0, 250, 500, and 750 ml, averaged across all animals (n ϭ 10) for body surface leads ( Fig. 2A) , unipolar leads (Fig. 2B) , far-field bipolar leads (Fig. 2C) , near-field bipolar leads (Fig. 2D) , and RV-CS leads (Fig. 2E) . For every lead configuration, as the TV increases so does the percent modulation. However, we observe significant variability across lead configurations.
Then, for each of the body surface and intracardiac leads, within each set of body surface, intracardiac CS, LV, and RV, and the triangular RV-CS leads, we identified the lead with the maximum percent modulation and set it to be an optimized estimation of the percent modulation. Figure 3 shows the optimized instantaneous percent modulation and the minute percent modulation as a function of TV for each of the body surface, intracardiac CS, LV, and RV and the triangular RV-CS leads.
To assess the correlation between the percent modulation and the TV, in Table 1 we present the coefficient of determination (R 2 ) for the nonoptimized (Fig. 2) and optimized (Fig. 3) percent modulation, for body surface and intracardiac CS, LV, RV, and RV-CS leads, across all animals (n ϭ 10). We observe that the RV-CS lead configuration provides the highest R Evaluation of the TV prediction using cross-validation. We performed the leave-one-out cross-validation on our 10 datasets, such that each subject contributes to the validation data only once. Figures 4 and 5 show the overall validation error (true TV Ϫ estimated TV) using the instantaneous percent modulation (Fig. 4) and the minute percent modulation (Fig. 5) at each of the TVs of 0, 250, 500, and 750 ml compiled over all 10 cross-validation attempts for the body surface and intracardiac CS, LV, RV, and RV-CS lead configurations.
Overall, the TV prediction error increases as the TV increases from 0 to 750 ml in all leads. This is described by the increased variability of percent modulation at larger TVs (Fig.  3) . The median estimation error using the instantaneous percent modulation at TVs 0, 250, 500, and 750 is Ϫ76.36, 51.53, 57.36, and 96.94 ml for body surface; 12.28, Ϫ24.98, 14.36, and 78.72 ml for CS; Ϫ29.74, 36.08, Ϫ15.50, and 104.34 ml for LV; Ϫ8.11, 60.94, Ϫ154.63, and Ϫ88.90 ml for RV; and Ϫ12.92, 44.34, Ϫ14.01, and 27.70 ml for RV-CS leads. Similarly, the median estimation error using the minute percent modulation at TVs 0, 250, 500, and 750 ml is Ϫ77. 20 The coefficient of determination (medians Ϯ SE) is reported for both nonoptimized and optimized percent modulation at tidal volumes (TVs) of 0, 250, 500, and 750 ml; n ϭ 10. The regression coefficients derived from a least squares regression analysis (TV ϭ a ϫ percent modulation ϩ b) between the TV and percent modulation are also presented. SURF, body surface; CS, coronary sinus; LV, left ventricle; RV, right ventricle. ods, the bipolar RV-CS configuration has the smallest error. No statistical difference of the error was found between the instantaneous and the minute percent modulation for the body surface and intracardiac leads. ECG-derived TV prediction using optimized percent modulation. We performed the leave-one-out cross-validation on our 10 datasets and used Jack-knifing to estimate the slopes and intercepts of the linear regression models for each of the optimized body surface, CS, LV, RV, and RV-CS leads. The final linear prediction models (presented in Table 1 ) were obtained by averaging the slopes and intercepts across all 10-folds of the cross-validation.
In Fig. 6 , we show the absolute error for each lead including all TVs of 0, 250, 500, and 750 ml, averaged across all animals. The results demonstrate that the median absolute error for instantaneous measurement is 72.55, 147.46, 85.68, 116.62, and 50.89 ml for body surface, CS, LV, RV, and RV-CS leads, respectively. We also observe that the median absolute error for the minute percent modulation is 69.56, 153.39, 79.33, 122.16, and 48.41 ml for body surface, CS, LV, RV, and RV-CS leads, respectively.
These results demonstrate that the triangular RV-CS leads and the body surface leads provide the most accurate estimations, which are within 7 and 10% of the true TV, respectively. No statistical difference of the error was found between the instantaneous and the minute percent modulation for the body surface and intracardiac leads. However, the absolute error of the bipolar RV-CS lead is significantly lower than any other lead configuration including body surface and unipolar CS, LV, and RV leads (P Ͻ 0.0001). As shown by the small absolute errors in the body surface and intracardiac RV-CS lead configurations, the algorithm closely tracks the true value across a wide range of TVs in these two leads.
TV prediction confidence bound using optimized percent modulation. To explore the confidence bound of our optimized TV estimations, we examined the prediction error in a wide range of TVs by estimating the probability that the error is less than X ml and changing X from 0 ml to 1,400 ml. Figure 7 shows the probability that a TV estimation error is less than X ml as a function of X, for the body surface and intracardiac leads, using the instantaneous percent modulation estimation, at TV 0 ml (Fig. 7A), 250 ml (Fig. 7B ), 500 ml (Fig.  7C) , and 750 ml (Fig. 7D ). An arbitrary point (x, y) in these plots reflects the probability of having an estimation error of less than x ml is equal to y. For instance, the probability of having an error of 100 ml or less for the body surface, CS, LV, RV, and RV-CS leads is 0.94, 0.89, 0.89, 0.91, and 0.98 at TV 0 ml; 0.76, 0.51, 0.64, 0.51, and 0.81 at TV 250 ml; 0.51, 0.28, 0.47, 0.26, and 0.69 at TV 500 ml; and 0.39, 0.10, 0.35, 0.22, and 0.49 at TV 750 ml.
Similarly, in Fig. 8 we show the probability that a TV estimation error is less than X ml as a function of X, using the minute percent modulation estimation, at TV 0 ml (Fig. 8A ), 250 ml (Fig. 8B ), 500 ml (Fig. 8C) , and 750 ml (Fig. 8D) for the body surface and intracardiac leads. We observe that the triangular RV-CS lead configuration has the smallest error Absolute Error (mL) Fig. 6 . Absolute error (medians Ϯ SE) for each of the body surface and intracardiac leads at all TVs, computed across all animals (n ϭ 10) for the instantaneous percent modulation (white bars) and the minute percent modulation (black bars). No statistical difference of the error was found between the instantaneous and the minute percent modulation for the body surface and intracardiac leads. However, the absolute error of the bipolar RV-CS lead is significantly lower than any other lead configuration including body surface and unipolar CS, LV, and RV leads (P Ͻ 0.0001).
bound. Moreover, the error bounds are smaller compared to the error bounds obtained by the instantaneous measurement of the percent modulation. Specifically, the 95% prediction confidence error during breath hold at TV 0 ml was 60 ml for instantaneous and 38 ml for minute TV estimation. Overall, these data suggest that TV estimates based on a running median of a 60-s window provide a more reliable estimation of the true TV, as compared with the instantaneous estimate.
Effect of abnormal beats on the estimation of TV.
To examine the ability of our method to estimate the TV in the presence of abnormal beats, such as PVCs, we applied the optimized percent modulation estimation algorithm to ECG signals with different percentage of PVCs within each cycle of the RMS envelope. For this analysis, the QRS root-mean-squared amplitude signals were sorted based on the percentage of PVCs (from 0 to 100%) within each respiration cycle, such that 0% Fig. 7 . The probability of having a TV estimation error less than X ml as a function of X, for the body surface and intracardiac leads, using the instantaneous percent modulation measurement, at TV 0 ml (A), 250 ml (B), 500 ml (C), and 750 ml (D). An arbitrary point (x, y) in these plots reflects that the probability of having an estimation error of less than x ml is equal to y. Fig. 8 . The probability of having a TV estimation error less than X ml as a function of X, for the body surface and intracardiac leads, using the minute percent modulation measurement, at TV 0 ml (A), 250 ml (B), 500 ml (C), and 750 ml (D). An arbitrary point (x, y) in these plots reflects that the probability of having an estimation error of less than x ml is equal to y.
corresponds to cycles with no PVCs whereas 100% refers to cycles with no normal beats.
In Fig. 9 , we show the TV estimation error as a function of PVC percentage within each respiration cycle for the body surface and intracardiac CS, LV, RV, and RV-CS leads using the instantaneous percent modulation estimation. For every lead configuration, as the PVC percentage increases, the error between the true TV and the ECGderived TV increases. However, the increase in unipolar intracardiac signals is more profound, compared with the changes in the body surface and, particularly, the RV-CS triangular lead configuration. It can be observed that as the PVC percentage increases from 0 to 50%, the median error in body surface and unipolar CS, LV, and RV leads increases from 49.20 to 258.10, 154.79 to 475.98, 106.92 to 128.60, and 44.71 to 247.96 ml, respectively, while the median error in the RV-CS leads changes from 15.98 to 108.11 ml.
Similarly, Fig. 10 shows the TV estimation error as a function of PVC percentage during each respiration cycle using the minute percent modulation. The results demonstrate that for every lead configuration, as the PVC percentage increases, the error between the true TV and the ECG-derived TV increases. However, the RV-CS triangular lead configuration has the least increase rate. We observe that an increase from 0 to 50% in the PVC percentage results in an increase of the median error from 64.60 to 276.48 ml in body surface, from 165.67 to 466.14 ml in CS, from 103.39 ml to 111.74 in LV, from 39.83 to 125.86 ml in RV, and from 8.02 to 95.17 ml in RV-CS leads.
Robustness of percent modulation to the abnormal beats occurring around the maximum/minimum peaks of the respiratory envelope. We explored the ability of percent modulation to estimate the TV in the presence of abnormal beats that occur on or around the maximum/minimum of the respiratory envelope. For this analysis, the QRS root-mean-squared amplitude signals were sorted (from 0 to 100%) based on the percentage of PVCs within each respiration cycle, such that 0% corresponds to cycles with no PVCs whereas 100% refers to cycles with no normal beats. Thereafter, we excluded respiration cycles that have at least one PVC within three, five, and seven beats from the maximum/minimum peaks of the RMS envelope.
We applied the optimized percent modulation estimation algorithm to these data and compared the results against maximum/minimum of the RMS envelope is not used as an exclusion criterion. Consistent with the data shown in Fig. 3 , we have observed that for every lead configuration, as the PVC percentage increases, the error between the true TV and the ECG-derived TV increases; however excluding respiration cycles with different number of PVCs on or around the maximum/minimum points does not have a significant effect on the accuracy of the TV estimation. Specifically, comparison of the TV estimation error with no PVCs against the case in which cycles that have at least one PVC among three, five, and seven beats around the maximum/minimum of the RMS envelope are excluded gave P ϭ 0.7573, P ϭ 0.8174, and P ϭ 0.7779, respectively, using the instantaneous percent modulation estimation and P ϭ 0.8175, P ϭ 0.7389, and P ϭ 0.6861, respectively, using the minute percent modulation. In other words, the accuracy of the percent modulation estimation is not affected by PVCs occurring around the maximum/minimum of the respiratory envelope. The apparent robustness of this algorithm results from the use of the cubic spline interpolation to create the RMS envelope. In fact, we replace aberrant beats with the interpolated RMS points, such that between each two points on either side of an aberrant beat, there is a piecewise cubic curve. When we string these curves together, we set the second and first derivatives at the endpoints of each piecewise cubic curve equal to that of the adjacent cubic curve's second and first derivatives thus providing a continuous second derivative. This gives a smooth curve that passes through each point, thus providing a better respiratory envelope representation that is less sensitive to abrupt amplitude changes due to an abnormal ECG morphology.
DISCUSSION
The ability to accurately measure TV and monitor minute ventilation is of great clinical utility in multiple settings. Currently available tools for monitoring TV require specialized hardware and additional sensors that are often not practical or convenient during ambulatory patient monitoring. The diagnosis of sleep-disordered breathing often necessitates an overnight stay in a clinical facility, thus generating a substantial cost for the healthcare system and creating a significant inconvenience for the patient. Furthermore, in light of the rapidly growing number of patients with class III and IV heart failure who have implantable devices for rhythm monitoring or cardiac resynchronization, the opportunity to capitalize on these devices with the added benefit of respiratory monitoring would , and RV-CS (E) leads using the minute percent modulation estimation. For every lead configuration, as the PVC percentage increases, the error between the true TV and the ECG-derived TV increases. However, the body surface and, particularly, the RV-CS triangular lead configuration demonstrate a smaller error increase rate. Data are presented as median (horizontal solid line), 25-75th percentiles (box), and 10 -90th percentiles (error bars). For each lead, the number of cycles (N) used to estimate the error is also shown at top (in log scale).
represent a significant advance in the diagnosis and treatment of sleep-disordered breathing. In this study we propose a novel algorithm to accurately estimate the TV from body surface or intracardiac leads. Overall, we have shown that first, the algorithm to estimate the TV using only ECG signals is not sensitive to aberrant ECG morphologies, such as PVCs; second, it does not require a priori knowledge of lead orthogonality or placement of the electrodes on the body surface or in the heart in predetermined positions; and third, the error in estimating the TV is relatively small for the instantaneous and minute TV estimation methods.
For TV estimation using the instantaneous measurement of percent modulation, our results show a median absolute error of 72.55 and 50.89 ml for the body surface and RV-CS leads, respectively, while using the minute percent modulation, we observe a median absolute error of 69.56 and 48.41 ml for the body surface and RV-CS leads, respectively. These findings indicate that the average precision of the proposed ECGderived TV estimation method is within 10% of the true TV for body surface and within 7% of the true TV for intracardiac RV-CS leads.
Our results demonstrate that the adoption of the triangular intracardiac lead configuration consisting of bipolar leads between the RV and CS catheters provides the most accurate TV estimation. In light of currently available biventricular devices for cardiac resynchronization therapy that use implanted RV and CS catheters, the application of a triangular RV-CS lead configuration is a potentially clinically feasible means to monitor TV in heart failure patients. In addition, the demonstrated accuracy of body surface TV estimation ensures a reliable approach to monitor respiratory parameters in ambulatory patients and neonates. Minute ventilation plays a significant role in neonatal intensive care units for ventilatory management of neonates (7, 8) . In ambulatory patients, it holds significant promise for improving the management of a number of different diseases, such as restrictive lung disease (5), chronic obstructive pulmonary disease (10, 20) , and CSR in heart failure (24) . Abnormal respiratory patterns are prevalent in patients with heart failure and LV function may improve by the treatment of sleep-disordered breathing (16) . Another important application is the determination of the optimal dosage of drugs with respiration suppressing side effects; for example, opiates and sedatives that are commonly prescribed for chronic cancer related pain are often underdosed to avoid any risk of respiratory arrest (14) . By monitoring respiratory parameters such as TV and minute ventilation while titrating the dosage, patient safety can be assured even at higher drug doses. Finally, it is likely that in a diseased subject (i.e. with chronic obstructive pulmonary disease), the residual volume is increased while the vital capacity remains relatively normal, and therefore, the lung volume variation can be smaller; the extent that the presented method can be effectively utilized in severe obstructive pulmonary disease needs to be confirmed in clinical studies.
In conclusion, the proposed novel algorithm takes advantage of simple hardware that is readily available as part of ECG patient monitoring to accurately estimate TV that in conjunction with estimation of the respiratory rate [see companion paper (30a)], contributes to the estimation of minute ventilation, as a critical parameter in physiological monitoring that may help improve diagnosis, treatment, and outcomes across a variety of clinical settings. Equally importantly, a similar simple approach could be employed in humans to obtain the regression model, where the true TV may be obtained through a TV monitor. 
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